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ABSTRACT: Here, we analyze the thermodynamic parameters and their correlations in families containing
homologous thermophilic and mesophilic proteins which show reversible two-state foldingh unfolding
transitions between the native and the denatured states. For the proteins in these families, the melting
temperatures correlate with the maximal protein stability change (between the native and the denatured
states) as well as with the enthalpic and entropic changes at the melting temperature. In contrast, the heat
capacity change is uncorrelated with the melting temperature. These and additional results illustrate that
higher melting temperatures are largely obtained via an upshift and broadening of the protein stability
curves. Both thermophilic and mesophilic proteins are maximally stable around room temperature. However,
the maximal stabilities of thermophilic proteins are considerably greater than those of their mesophilic
homologues. At the living temperatures of their respective source organisms, homologous thermophilic
and mesophilic proteins have similar stabilities. The protein stability at the living temperature of the
source organism does not correlate with the living temperature of the protein. We tie thermodynamic
observations to microscopics via the hydrophobic effect and a two-state model of the water structure. We
conclude that, to achieve higher stability and greater resistance to high and low temperatures, specific
interactions, particularly electrostatic, should be engineered into the protein. The effect of these specific
interactions is largely reflected in an increased enthalpy change at the melting temperature.

The thermodynamic stability of a protein may vary with
the changes in its environmental conditions (e.g., temperature,
pH, buffer, salt concentration, presence and absence of
chemical denaturants, concentration of the protein, and
presence and absence of substrates, ligands, and subunits).
The two most common ways of studying protein stability
are via thermal and chemical denaturation, using spectros-
copy (circular dichroism (CD) and fluorescence) and dif-
ferential scanning calorimetry (DSC). Thermal-denaturation
experiments often yield three thermodynamic parameters: the
melting temperature (TG), the enthalpy change at the melting
temperature (∆HG), and the heat capacity change (∆Cp)
between the native (N) and the denatured (D) states of the
protein. These parameters can be used to plot the protein

stability curve (1, 2). Protein stability curves describe the
temperature-dependent variation of protein stability (the
Appendix section gives a description of protein stability
curves and the underlying thermodynamic relationships). In
studies performed using chemical denaturants such as urea
and guanidium hydrochloride (GdnHCl), the Gibbs free
energy of unfolding a protein at a given temperature (usually
room temperature) is estimated most frequently by using the
linear extrapolation method (LEM;3). LEM gives the so-
called m value, the slope of∆G as a function of the
concentration of the denaturant measured around the transi-
tion state (3-5).

Protein stability curves illustrate that, for all of the proteins
that follow a two-state transition, there are two transition
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1 Abbreviations: TG, heat-denaturation (melting) temperature;T ′G,
cold-denaturation temperature;TL, living temperature of the source
organism;TS, temperature of maximal protein stability;∆HG; molar
enthalpy change between native and denatured states of a protein at
TG; ∆SG, molar entropy change between native and denatured states of
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denatured states of a protein atTS; ∆G(TL), molar Gibbs free-energy
change between the native and denatured states of a protein atTL;
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denatured states of a protein at room temperature; EcRnaseH,Escheri-
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temperatures where∆G(T) ) 0. These areTG and T ′G,
termed heat- and cold-denaturation transition temperatures,
respectively. Protein heat denaturation is driven by its
favorable increase in entropy (6), and protein cold denatur-
ation is driven by the favorable decrease in enthalpy (2, 7,
8). The analyses of both∆Cp andm values have shown that
these macroscopic thermodynamic parameters are related to
∆ASA, the difference in the accessible surface areas between
the denatured and the native protein states (5, 9-11).

To microscopicallyunderstand themacroscopicparameters
of protein stability, it is useful to consider a two-state model
of the water structure. Such a model enables the prediction
of cold denaturation, the presence of molten globule (MG)
states in heat but not in cold denaturation, and the hydro-
phobic effect (Tsai, C.-J., Maizel, J. V., and Nussinov, R.,
unpublished work). The prediction of cold denaturation is
in agreement with the prediction by thermodynamically based
stability plots and is consistent with the hydrophobic effect
and the minimum solubility of small organic solutes around
room temperature (12-15).

Microscopic Scheme. The Gibbs free energy for the cold
denatured (D′) h folded (N) h heat denatured (D) protein
is defined in terms of enthalpy and entropy changes

For the denatured states to be favorable at the two extreme
temperatures (T e T ′G and T g TG), the entropy and the
enthalpy changes in the system (the protein and the sur-
rounding solvent water) should be compensatory. When
proteins denature, they preferentially expose their nonpolar
surface area. A nonpolar surface has the effect of ordering
the first-shell water molecules, reducing the entropy of the
system. A two-state water model is useful in understanding
the temperature dependence of protein stability. In such a
model, water consists of dynamically transforming different
intermolecular hydrogen-bonding types (16, 17). The first
is the enthalpically favored, “normal” icelike, tetrahedrally
connected hexagonal hydrogen-bonding type, with optimal
hydrogen-bond networks. The second is the entropically
favorable, enthalpically unfavorable, highly fluctuating liquid
form. At low temperatures, the hexagonal ice hydrogen-
bonding type prevails. At high temperatures, the denser liquid
types dominate, with a fluctuating gradient of interconverting
hydrogen-bonding types from low to high temperatures. The
water structure is dynamic, with the hydrogen bonds
continuously broken and created on a very short time scale
(18).

Below the protein cold-denaturation temperature (T <
T ′G), the fraction of normal hexagonal ice in solvent water
increases and the protein cold denatures because of the loss
of the hydrophobic effect. In the denatured state of the
protein, the exposure of the nonpolar surface promotes
optimal-ordered hydrogen-bond formation at the first shell
of the water molecules, propagating to the outer shells. This
also explains the clathration cagelike formation of small
organic solutes in water. The entropy contribution to the
Gibbs free-energy change is negative. However, because the
hydrogen-bond networks are optimized, the enthalpy is also
reduced, overcoming the unfavorable entropy contribution.
Hence, at these temperatures, the denatured state (D′) of the
protein is energetically favorable.

At temperatures above the protein heat-denaturation tem-
perature (T > TG), the protein heat denatures because of an
increase in the entropy of the system. Liquid water domi-
nates, with favorable entropy and unfavorable enthalpy terms.
Order cannot propagate in highly fluctuating water molecules.
The increase in the entropy of the system overcomes the
enthalpically unfavorable exposure of the nonpolar surface
area of the protein, and the denatured state (D) of the protein
is energetically favorable. Hence, at temperaturesT e T ′G
or T g TG, the significant differences in the relative fractions
of normal hexagonal icelike and highly fluctuating denser
liquid hydrogen-bonding types in the surrounding water
molecules play critical roles in protein denaturation.

Starting fromTG, as the temperature cools, the fraction of
hexagonal ice in solvent water gradually increases, enabling
a larger extent of order propagation. This would reduce the
entropy of the system. Hence, the denatured state of the
protein converts into the more-compact molten-globule (MG)
state, burying the nonpolar surface area. The MG state has
considerable nativelike secondary structure, a compact fold
lacking well-defined tertiary interactions, larger solvent
surface accessibility, and low cooperativity of thermal
unfolding. Those intermediates not conforming to these
characteristics are not included in this definition (19-22).
Thus, the Df MG step is entropically driven. On the other
hand, in the MGf N (native-state) folding reaction, the
water structure plays an insignificant role. The atomic
packing, electrostatic, and disulfide interactions are optimized
within the protein. Hence, microscopically, the protein
hydrophobic effect is related to the water structure, which
is a function of temperature. Macroscopically, it is reflected
in ∆ASA and is related to∆Cp. At T ′G e T e TG, because
the protein conformational entropy is reduced in the MGf
N (6) step and the entropy of the water is reduced in the N
f D′ step, the reduction in the enthalpy of the system should
be significant enough to overcome the loss of entropy and
drive the reaction to the native state in the first case and to
a cold-denatured state in the second. Because MGf N is
under enthalpy control, the microscopics predict that∆ASA
(and∆Cp) will be uncorrelated withTG. On the other hand,
the formation of specific interactions reflected in∆H is
critically important in heat and cold denaturation.

Macroscopic Analysis: Parameters and Their Correla-
tions. We have collected and analyzed the thermodynamic
data relating to families of thermophilic/mesophilic (T/M)
proteins. All of these are reversible two-state folding proteins.
We present their stability plots and the correlations among
their thermodynamic parameters. The melting temperature
(TG), the enthalpy change at the melting temperature (∆HG),
the entropy change at the melting temperature (∆SG), and
the maximal protein stability change (∆G(TS)) are correlated
with one another. These correlations consistently suggest that
the higher melting temperatures of thermophilic proteins are
obtained by a higher∆G(TS). The increase in∆G(TS) is
largely due to the formation of additional specific interactions
in the thermophilic proteins as compared to their mesophilic
homologues. We find that there is no correlation between
∆Cp and TG. This observation is particularly interesting
because it indicates that an increase in hydrophobicity is not
sufficient to improve protein stability. Consistently, we have
previously shown that, while different factors contribute to
protein thermostability, the higherTG in thermophiles is best
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correlated with an increase in factors that promote specific
interactions, such as salt bridges and side chain-side chain
hydrogen bonds (23). Electrostatic interactions, such as salt
bridges and their networks, have favorable electrostatic
contributions to the stability of glutamate dehydrogenase
from the hyperthermophilePyrococcus furiosus(24, 25).

The proteins in our database show a larger variability in
the range of∆G(TS) as compared to∆G(TL), their stabilities
at the respective living temperatures of the source organisms.
There is no correlation between∆G(TL) and TL. Specific
∆G(TL) values for different proteins may be related to their
function. In our dataset, the lowest∆G(TL) is observed for
cold-shock proteins and the highest∆G(TL) for archaeal
histones, structural proteins responsible for DNA packaging.

MATERIALS AND METHODS

Data Collection and Database Composition. We have
performed a literature search using Pubmed to select a
database of experimental protein thermodynamic measure-
ments. The search was supplemented by querying the
ProTherm database (26). Our aim was to collect thermody-
namic data on homologous proteins from (hyper)thermophilic
and mesophilic organisms. We have collected five such
families. These are archaeal histones (27), SH3 domain-
containing proteins (28-31), cold-shock proteins (32-34),
Rnase H (35, 36), and the catalytic domains of cellulases
(37). These families are termed T/M. The member proteins
in the T/M families show high sequence and structural
homologies. Together, T/M families contain thermodynamic
data on 19 proteins. To compare the results of the analyses
on these T/M families, we have also constructed two families
of mesophilic proteins. The mesophilic proteins in these two
families share sequence or structural homologies to variable
extents. Because many of the proteins in these families are
only distantly related in sequence, they facilitate the distin-
guishing between trends related to protein thermostability
from phylogenetic differences between thermophiles and
mesophiles. We term the mesophilic protein families A/M
(all mesophiles). These families consist of five structurally
related acylphosphatases (38-40) and the family of Rnase
Sa, Sa2, Sa3, Rnase A, Rnase T1, and Barnase (41). The
selection of the A/M families for this study is arbitrary. The
two A/M families contain 11 proteins. For each protein, we
have collected three thermodynamic parameters from the
literature: ∆HG, ∆Cp, andTG.

For most proteins, thermal denaturation involves some
irreversibility. The degree of irreversibility has a greater
significance for the thermophilic proteins because the ther-
molabile amino acids in these proteins may undergo covalent
modifications at high temperatures. A complete thermal
unfolding process for a two-state protein is described more
accurately as follows:

where N, D, and I are the folded native, reversible-denatured,
and irreversible-denatured states of the protein, respectively.
In thermodynamic experiments, the extent to which protein
unfolding follows a two-state mechanism can be measured
by the ratio∆Hcal/∆Hvan’tHoff. ∆Hcal is the enthalpy change
for unfolding determined by DSC. This enthalpy change

value is model-independent.∆Hvan’tHoff is determined from
thermal-denaturation experiments using CD spectroscopy.
Alternatively, it is calculated by (42)

whereCp,max is the maximum of the excess heat capacity at
TG and R is the universal gas constant. The calculation of
the∆Hvan’tHoff value assumes a two-state folding model. Thus,
a value close to unity for∆Hcal/∆Hvan’tHoff indicates the
validity of a two-state folding model for a monomeric protein
(42, 43). The presence of isodichroic point(s) in the CD
spectra recorded at different temperatures in the transition
region also indicates that the protein follows a two-state
transition. The reversibility of protein unfolding is often
measured by the reproducibility of repetitive DSC (or CD)
scans on the same protein sample.

We have accepted the claim of the original experimental
publications on the reversible two-state nature of the proteins
in our database. We have further noted the∆Hcal/∆Hvan’tHoff

values and the reversibility of protein foldingh unfolding
transitions wherever available. Further details are given in
the original publications.

The accuracy of our analysis depends on the accuracy of
the available data. Pace et al. (41) have illustrated that the
TG values are accurate to better than(1% and that the value
for ∆HG from a van’t Hoff analysis can be determined to
about(5%, with a good agreement between the different
laboratories. However, there may be considerable differences
in the ∆Cp values. Recently, Pace and co-workers (41, 44)
have noted that the reported values of∆Cp for Rnase A vary
from 1.0 to 2.3 kcal/(mol K). Additionally, it is important
to note that, while in general∆Cp is taken to be independent
of T, Privalov (2, 43) has shown that∆Cp decreases at low
and high temperatures.

The number of residues in each protein was used to
qualitatively estimate the changes in the accessible surface
area (∆ASA) between the native and the denatured states of
the protein, using the empirical relationship (9)

whereNres is the number of residues in a protein. Ideally,
we should have measured this quantity from the crystal
structures of the proteins. However, high-resolution crystal
structures are not available for many of the proteins in our
dataset. In those cases where these data are available, the
atomic coordinates for several residues are missing. In the
following, we present a brief description of each protein
family.

Archaeal Histones. The study of Li et al. (27) describes
the unfolding of four recombinant archaeal histones: rHFoB
from the mesophileMethanobacterium formicicum, rHMfA
and rHMfB from the hyperthermophileMethanothermus
ferVidus, and rHPyA1 fromPyrococcusstrain GB-3a. All
four of the histones form dimers with two-state (N2 h 2U)
transitions. The thermodynamic parameters used in this study
were reported from thermal-denaturation experiments using
DSC and CD spectroscopy. These spectra were recorded at
a pH range of 3.0-5.0 in 0.2 M and 1.0 M KCl. The data
used here correspond to a pH of 5.0 and to 0.2 M KCl. The
thermal unfolding of these proteins is more than 90%

N y\z
k1

k2
D 98

k3
I

∆Hvan’tHoff ) 4RTG
2Cp,max/∆Hcal

∆ASA ) -907+ 93Nres
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reversible. The values of the∆Hcal/∆Hvan’tHoff ratio for rHMfA
and rHFoB are 0.23 and 0.33, respectively. These data are
unavailable for other recombinant archaeal histones. Ideally,
the value of this ratio should have been 0.5 because the
histones are dimers. The archaeal histones family is the only
family in our database that contains three thermophiles and
one mesophile.

SH3 Domain-Containing Proteins. Data on this family
were collected from four different studies (28-31). In total,
this family contains data on eight proteins: two (Sac7d and
Sso7d) thermophiles and six mesophiles. All eight of the
proteins are small single-domain proteins with an SH3
domainlike folding pattern. All of the proteins show two-
state foldingh unfolding transitions. In the case of Sso7d,
CD spectra showed the unfolding to be two-state and mostly
reversible (28), with the∆Hcal/∆Hvan’tHoff ratio between 0.92
and 0.95. Sac7d also shows reversible unfolding with two-
state behavior (∆Hcal/∆Hvan’tHoff ) 0.97) at 0.3 M KCl (31).
The ∆Hcal/∆Hvan’tHoff ratio for the Btk-SH3 domain is∼1.1
(30). The thermal unfolding of these proteins has been
studied using DSC and CD spectroscopy. The thermody-
namic parameters used in this study are from DSC measure-
ments at the neutral pH (7.0). For the mesophilic proteins,
the living temperature of the source organisms was taken to
be 37°C.

Cold-Shock Proteins. This family contains data on cold-
shock proteins from three organisms:Escherichia coli
(CspA; 33), Bacillus subtilis(CspB; 34), andThermotoga
maritima (CspTm;32). The thermal unfolding of CspTm is
97 ( 2% reversible, and the∆Hvan’tHoff/∆Hcal ratio is 1.06(
0.6 (32). All of the proteins are monomeric and two-state
folders. The thermodynamic parameters were collected from
DSC studies at the neutral pH (7.0-7.5). This family has
two mesophilic and one thermophilic proteins.

Rnase H. The family contains thermodynamic data on the
cysteine-free mutants of Rnase H fromE. Coli (EcRnaseH)
andThermus thermophilus(TtRnaseH), reported by Hollien
and Marqusee (36) using CD spectroscopy. The authors have
also determined the free energies of unfolding from the
GdnHCl denaturation of EcRnaseH and TtRnaseH. They
found an excellent agreement between the experimentally
determined free-energy values and those calculated using the
Gibbs-Helmholtz equation for these proteins. This indicates
that a two-state folding model is valid for the cysteine-free
variants of Rnase H. For the EcRnaseH cysteine-free mutant,
the thermal transition is not reversible in the absence of the
denaturant. The thermal unfolding curves of both proteins
were recorded at a pH of 5.5 in 5 mM NaAc and 50 mM
KCl.

Catalytic Domain of Cellulases. This family contains CD
measurement data reported by Beadle et al. (37) on the
catalytic domains of cellulase E2 from the thermophile
Thermomonospora fusca(E2cd) and the cellulase CenA from
the mesophileCellulomonas fimi(CenAP30). Both of these
domains show reversible two-state foldingh unfolding
behavior. For both proteins, the buffer is 50 mM KPi, 225
mM KCl, and 11.25% ethylene glycol at a pH of 6.8.

FiVe Structurally Related Proteins. The family contains
thermodynamic data on two highly homologous acylphos-
phatases [muscle (Muscle Acp) and common type (CT-Acp)]
reported by Dobson et al. (38, 40). The data on these proteins
are compared with three proteins [EcHpr (E. coli Hpr), AdB,

and ADA2h] that show structural similarities to muscle Acp
(reported in Table 3 of ref37). All five of the proteins in
the family are mesophilic. The living temperature of the
source organisms was taken to be 37°C. All of the proteins
show reversible two-state foldingh unfolding transitions.

Rnase Sa, Sa2, Sa3, Barnase, Rnase T1, and Rnase A.
Data on these six ribonucleases were taken from Table 1 in
ref 41. All six are mesophilic, and the living temperature of
their source organisms was taken to be 37°C. All of these
show reversible two-state foldingh unfolding transitions.
Rnase A is structurally unrelated to Rnase Sa, Sa2, and Sa3
but has a similar function. Rnase Sa, Sa2, and Sa3 show
high sequence and structural homologies among themselves.
Barnase and Rnase T1 have low sequence and structural
similarities with these proteins. The values of the∆Hcal/
∆Hvan’tHoff ratios are 0.99, 1.00, and 0.96 for Rnase Sa, Sa2,
and Sa3, respectively. The thermal denaturation for these
proteins is more than 95% reversible (41).

The data in the literature are frequently reported in SI and
non-SI units. For uniformity, we used the unit for energy as
calories. The conversion factor between calories and joules
is 1 cal) 4.184 J.

Computation of Linear Correlation Coefficients and t
Values. For each pair of thermodynamic parameters (x,y:
x1,y1, x2,y2, ..., xn,yn) in our database, we have fitted a line,
y ) a + bx, using the least-squares procedure. The linear
correlation coefficient is calculated by

Our dataset can be regarded as a sample of protein popula-
tions. In this sense, the sampling theory of correlation can
be used to determine if the correlations observed in our
dataset are relevant for proteins in general. We formulate
the null hypothesis that the population correlation coefficient
(F) for a given parameter pair is zero (H0; F ) 0), while the
linear correlation coefficient for the same parameter pair is
r in our dataset. Thet value is computed to test the null
hypothesis by

wheren is the number of proteins in our dataset. For proteins
in the T/M families, the null hypothesis is rejected at the
99% level of confidence ift > 2.60 (45). The rejection of
the null hypothesis for a parameter pair indicates that the
two parameters are likely to be correlated with each other
in proteins.

RESULTS

Thermodynamic Parameters and Protein Stability CurVes
for Thermophiles and Mesophiles. Parts a-e of Figure 1
present the stability plots for five homologous T/M protein
families. Parts a and b of Figure 2 present the stability plots
for two mesophilic (A/M) protein families. Table 1a details
the corresponding protein families, their sizes, their∆ASA,
and the thermodynamic values collected from the literature.
Table 1b lists the temperature of maximal protein stability
(TS), the Gibbs free-energy change for protein unfolding at
TS (∆G(TS)), the living temperature of the source organism

r )
(n∑xy - ∑x∑y)

x(n∑x2 - (∑x)2)(n∑y2 - (∑y)2)

t ) rxn - 2/x1 - r2
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Table 1: Structural and Thermodynamic Parameters for Proteins in Our Database and Parameters Derived from Protein Stability Curves

a. Structural and Thermodynamic Parameters for Proteinsa

protein
name PDB file Nres

∆ASA
(Å2)

∆HG
(kcal/mol)

∆Cp
(kcal/(mol K))

TG
(°C)

Archaeal Histonesb
rHFoB 134 11555 115.9( 0.1 2.6 74.8( 0.2
rHMfA 1B67 136 11741 164.1( 1.3 2.2 104.1( 0.3
rHMfB 138 11927 150.3( 0.9 1.9 112.8( 0.3
rHPyA1 134 11555 184.4( 3.0 2.4( 0.2 114.1( 0.6

SH3 Domain-Containing Proteinsc

Itk 60 4673 42.5 0.8( 0.1 69
Tec 66 5231 40.4 0.7 71
Btk 67 5324 46.8 0.7( 0.1 80
R-Spectrin 1SHG 62 4859 47.1( 2.4 0.8 66( 0.2
Abl 1ABQ 63 4952 46.4( 2.4 0.8(0.1 68.5( 0.2
Fyn 64 5045 55.7( 3.6 0.8( 0.1 70.6( 0.2
Sac7d 1AZP 66 5231 60.2 0.9 90.7
Sso7d 1BF4 64 5045 63.3 0.6 98.5

Cold-Shock Proteinsd
CspA 1MJC 70 5603 43.3( 1.7 0.8 57
CspB 1CSP 67 5324 36.8 0.9( 0.2 53.4
CspTm 66 5231 62.6( 3.1 1.1( 0.1 82( 0.2

Cysteine-Free Mutants of Rnase He

EcRnaseH 2RN2 155 13508 120( 4 2.7( 0.2 66( 1
TtRnaseH 1RIL 166 14531 131( 5 1.8( 0.1 86( 1

Catalytic Domains of Cellulasesf

CenAp30 107( 3.1 3.8 56.4( 0.3
E2cd 190( 14 3.8 72.2( 0.2

Five Structurally Related Proteinsg

muscle Acp 98 8207 93.5( 4.7 1.5( 0.2 56.7( 2.0
CT-Acp 2ACY 98 8207 69.3( 3.5 1.5( 0.2 54.0( 2.0
EcHpr 1POH 85 6998 75.8( 1.2 1.5( 0.1 63.6( 0.1
AdB 82 6719 71.5 0.9 74.2
ADA2h 80 6533 47.6 0.9 77

Rnase Sa, Sa2, Sa3, Barnase, Rnase T1, and Rnase Ah

Rnase Sa 1RGG 96 8021 97.4( 4.9 1.5( 0.1 48.4( 0.3
Rnase Sa2 97 8114 68.4( 3.4 1.3( 0.1 41.1( 0.3
Rnase Sa3 99 8300 93.6( 4.7 1.6( 0.1 47.2( 0.3
Rnase T1 9RNT 104 8765 105.7 1.7 51.6
Barnase 1RNB 110 9323 126.6 1.8 53.2
Rnase A 1AFK 124 10625 119.4 1.9 62.8

b. Parameters Derived from Protein Stability Curvesi

protein
name

TS
(°C)

∆G(TS)
(kcal/mol)

TL
(°C)

∆G(TL)
(kcal/mol)

∆G(298 K)
(kcal/mol)

protein
name

TS
(°C)

∆G(TS)
(kcal/mol)

TL
(°C)

∆G(TL)
(kcal/mol)

∆G(298 K)
(kcal/mol)

Archaeal Histones
rHFoB 32.2 7.2 43.0 6.8 7.0 rHMfB 40.2 14.6 83.0 9.4 13.9
rHMfA 35.3 15.5 83.0 7.9 15.1 rHPyA1 44.1 17.2 95.0 8.0 15.8

SH3 Domain-Containing Proteins
Itk 20.5 3.1 37.0 2.7 3.1 Abl 14.5 3.8 37.0 3.1 3.6
Tec 17.4 3.2 37.0 2.8 3.2 Fyn 6.8 5.3 37.0 4.1 4.9
Btk 22.2 3.9 37.0 3.7 3.9 Sac7d 26.9 5.4 80.0 1.6 5.4
R-Spectrin 12.7 3.8 37.0 3.0 3.6 Sso7d 9.2 8.0 77.0 3.3 7.7

Cold-Shock Proteins
CspA 5.0 3.5 37.0 2.2 3.0 CspTm 29.4 4.8 80.0 0.3 4.7
CspB 14.3 2.3 37.0 1.5 2.1

Cysteine-Free Mutants of Rnase H
EcRnaseH 24.3 7.5 37.0 6.8 7.5 TtRnaseH 20.1 12.4 68.5 5.6 12.4

Catalytic Domains of Cellulases
CenAp30 29.4 4.4 37.0 4.1 4.3 E2cd 25.7 13.1 55.0 7.8 13.1

Five Structurally Related Proteins
muscle Acp 0.9 8.2 37.0 4.7 6.6 AdB 5.2 7.4 37.0 5.8 6.7
CT-Acp 9.8 4.8 37.0 2.9 4.2 ADA2h 25.8 3.6 37.0 3.4 3.6
EcHpr 16.4 5.4 37.0 4.4 5.3

Rnase Sa, Sa2, Sa3, Barnase, Rnase T1, and Rnase A
Rnase Sa -9.7 9.1 37.0 3.1 5.8 Rnase T1 -6.5 9.8 37.0 4.2 6.8
Rnase Sa2 -8.4 5.5 37.0 0.9 3.0 Barnase -10.4 12.8 37.0 5.6 8.7
Rnase Sa3 -7.2 8.2 37.0 2.7 5.3 Rnase A 5.5 10.5 37.0 7.2 9.3

a The thermodynamic parameters∆HG, ∆Cp, andTG were obtained from the literature.Nres denotes the number of residues in a protein.∆ASA
is the change in accessible surface area between the native and the denatured states of the protein.∆HG and∆Cp are the change in enthalpy at the
melting temperature (TG) and the change in heat capacity between the native and the denatured states, respectively. The availability of X-ray crystal
structure data for the proteins in our database is indicated by their protein data bank (PDB) file names.b Data from ref27. c Data from refs28-31.
d Data from refs32-34. e Data from refs35and36. f Data from ref37. g Data from refs38-40. h Data from ref41. i The thermodynamic parameters,
exceptTL, were calculated using eqs 1, 6, and 7 in the Appendix section.TS is the temperature at which the protein is maximally stable, and∆G(TS)
is the maximal Gibbs free-energy change of unfolding for the proteins.TL is the living temperature of the source organism, and∆G(TL) is the Gibbs
free-energy change of unfolding at the living temperature of the source organism.∆G(298 K) is the Gibbs free-energy change for protein unfolding
at 298 K (room temperature).
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(TL), the Gibbs free-energy change for protein unfolding at
TL (∆G(TL)), and the Gibbs free-energy change for protein
unfolding at room temperature (∆G(298 K)) calculated from
the protein stability curves plotted using the Gibbs-
Helmholtz equation (see the Appendix section).

In the T/M families, greater protein stability and resistance
to higher temperatures are obtained by an upshift and
broadening of their protein stability curves as compared to
their mesophilic homologues (Figure 1). In most cases, the
estimated cold-denaturation temperatures (T ′G) are also
lower for the thermophilic proteins. The exception to these
observations is the cold-shock protein family, where the
protein stability curve for the thermophilic (T. maritima)
cold-shock protein (CspTm) is both upshifted and right-

shifted. These proteins are only marginally stable at the living
temperatures of the source organism (Table 1b). For example,
∆G(TL) for CspTm is only 0.35 kcal/mol.

Mesophilic proteins do not show consistent trends (Figure
2). In the A/M family containing ribonucleases, the difference
in the maximal stabilities of Barnase and Rnase Sa2 is∼7
kcal/mol (Figure 2b and Table 1b). The difference in their
melting temperatures is 12.2°C, and Barnase contains 13
more amino acids than Rnase Sa2. Barnase is only distantly
related to Rnase Sa2 (41). Hence, the differences in stability
for these proteins may be due to phylogeny rather than to
thermophilicity.

A higher melting (transition) temperature in a thermophilic
protein can be attained in one of three ways (31, 37, 46,

FIGURE 1: Protein stability curves for proteins in T/M (thermophile/mesophile) families. Catalytic domains in (a) cellulases, (b) Rnase H,
(c) cold-shock proteins, (d) archaeal histones, and (e) SH3 domain-containing proteins. All of the proteins within a T/M family show a high
degree of sequence and structural similarities. In each plot, theX axis represents the temperature and theY axis represents the change in
Gibbs free energy for protein unfolding (∆G(T)). The errors in∆G(T) were estimated using the available experimental errors in∆HG, ∆Cp,
andTG for each protein.
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47). First, the maximal protein stability,∆G(TS), could be
larger for the thermophile as compared to its homologous
mesophile, resulting in an upshift of the curve and hence a
higherTG. Such an occurrence would be the outcome of a
larger∆HG, which is responsible for the slope of the curve
atTG. Alternatively, the∆G(TS) values of both proteins might
be similar; however, their curvatures may differ. If the
curvature (specified largely by∆Cp) is smaller, the curve
would be broader, leading to the same eventual observation.
Third, we could observe a left/right shift of one curve with
respect to the other. The crucial question is whether the
hyperthermophilic proteins have a greater maximal protein
stability (∆G(TS)) as compared to their mesophilic homo-
logues (47). Figure 1 illustrates that, in most cases, ifTG is
higher, the maximal protein stability∆G(TS) is larger too,

indicating that, at least in this limited T/M dataset, a higher
TG is reached via an upshift of the stability curves. Recently,
Rees and Robertson (48) have also reported similar observa-
tions. Table 1b shows that thermophilic proteins have a
greater∆G(TS) and∆G(298 K) values than their mesophilic
homologues.

Within the T/M families, regardless of the heat transition
temperatures (TG), the temperature of maximal stability (TS)
falls frequently around room temperature. The average
temperature of maximal stability for the 19 thermophilic and
mesophilic proteins is 22.6( 11.0 °C. For the eight
thermophilic proteins, rHMfA, rHMfB, rHPyA1, Sac7d,
Sso7d, CspTm, TtRnaseH, and E2cd, the average temperature
of maximal stability is 28.9( 11.2°C. For the 11 mesophilic
homologues of these 8 thermophiles, the average temperature
of maximal protein stability is 18.1( 8.6 °C. This temper-
ature range coincides with room temperature (25°C). At
room temperature, the solubility of small organic solutes is
minimal (e.g., the solubility of hexane in water at 25°C is
only 2 × 10-6 mole fractions (15)), pointing to the
hydrophobic effect (12-15).

Correlations among Various Thermodynamic Parameters.
The squares of the linear correlation coefficients obtained
by the regression analyses of various thermodynamic pa-
rameters of T/M families are given in Table 2. One T/M
family, the catalytic domain of cellulases, has been excluded
from the analysis. In this case, the original experimental
report (37) does not describe the determination of∆Cp for
these domains. Instead, the authors have set the value of∆Cp

at 3.8 kcal/(mol K) for both thermophilic and mesophilic
enzymes on the basis of theoretical considerations of their
size and hydrophobicity. Hence, our correlation analyses

FIGURE 2: Protein stability curves for proteins in A/M (all
mesophile) families: (a) muscle and common type Acp and their
structural homologues and (b) Rnase Sa, Sa2, Sa3, Barnase, Rnase
A, and Rnase T1. Rnase Sa, Sa2, and Sa3 show high sequence
similarities. Barnase, Rnase T1, and Rnase A are related only
distantly to Rnase Sa.

Table 2: Regression Analysis among Various Thermodynamic
Parameters for Proteins in T/M Familiesa

parameter
pair r2 t value

parameter
pair r2 t value

∆HG, TG 0.54 4.20 ∆Cp, ∆G(TS) 0.51 3.95
∆h†

G, TG 0.81 7.90 ∆Cp, ∆ASA 0.85 9.22
∆HG, TS 0.62 4.95 ∆G(TS), TG 0.73 6.37
∆HG, ∆Cp 0.77 7.09 ∆g‡(TS), TG 0.83 8.55
∆HG, ∆G(TS) 0.92 13.13 ∆G(TS), TS 0.52 4.03
∆h†

G, ∆g‡(TS) 0.82 8.34 ∆G(TS), ∆ASA 0.62 4.95
∆HG, ∆ASA 0.80 7.75 ∆G(TS), ∆G(TL) 0.71 6.06
∆HG, Nres 0.80 7.75 ∆G(TS), TL 0.59 4.65
∆s†

G, TG 0.72 6.15 ∆G(TL), TL 0.13 1.50
∆SG, ∆G(TS) 0.88 10.34 TG, ∆ASA 0.20 1.94
∆s†

G, ∆g‡(TS) 0.77 7.13 TG, Nres 0.20 1.97
∆Cp, TG 0.16 1.69 TS, ∆ASA 0.38 3.03
∆Cp, TS 0.52 4.03 TG, TS 0.52 4.03

a r2 denotes the square of the linear correlation coefficient for the
parameter pairs in our dataset. Thet value was computed to test the
null hypothesis that the population correlation coefficient (F) for the
parameter pair is zero (H0; F ) 0; Materials and Methods section). For
the proteins in the T/M families, the null hypothesis is rejected at the
99% level of confidence ift > 2.60. Note that the null hypothesis is
acceptedfor the parameter pairs (∆Cp, TG), (TG, ∆ASA), (TG, Nres),
and (∆G(TL), TL) for the proteins in T/M families. Hence, these
parameters are unlikely to be correlated in proteins. The parameter pairs
for which t values are insignificant are indicated in bold. Superscript
† shows the normalized values of enthalpy and entropy change at the
melting temperatureTG (∆hG and ∆sG), and superscript ‡ shows the
normalized maximal protein stability change (∆g(TS)). For each protein,
the values of∆hG, ∆sG, and∆g(TS) were computed by dividing∆HG,
∆SG, and∆G(TS), respectively, by the number of residues in the protein
(Nres). For each protein,∆SG ) ∆HG/TG.
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involve 17 of the 19 proteins in the T/M families. Qualita-
tively, the correlations may be divided into different cat-
egories on the basis of the square of the linear correlation
coefficient (r2) values. We consider a correlation between
two parameters to be nonexistent ifr2< 0.3, weak if 0.3e
r2< 0.6, good if 0.6e r2 < 0.8, and very good ifr2 g 0.8.
The significance of the observed correlations is measured
by t statistics.

The observations noted in Table 2 yield a consistent
picture. No correlation is observed between∆Cp andTG (r2

) 0.16). ∆Cp is correlated with∆ASA, the change in the
accessible surface area of the protein upon folding, and the
number of residues (Nres) in the protein (5, 9-11). ∆ASA
(ASAdenatured- ASAnative) is largely nonpolar. During protein
folding, most (∼80%) of the nonpolar surface area is buried
(23). Hence, the lack of correlation between∆Cp and the
heat transition temperatureTG indicates that the melting
temperature is unrelated to the extent of exposure of the
nonpolar surface area upon denaturation. Further,TG does
not correlate with either∆ASA or Nres. The t values for
correlations betweenTG and∆Cp, betweenTG and∆ASA,
and betweenTG andNres are insignificant (shown in bold in
Table 2). The normalization of∆Cp by the number of
residues in the proteins (Nres) does not yield a better
correlation withTG (r2 ) 0.04). Hence, these parameters are
likely to be uncorrelated in proteins, implying that a higher
TG is not obtained solely by strengthening the hydrophobic
effect. Very good correlations are observed between∆G(TS)
and∆HG (r2 ) 0.92) and between∆G(TS) and∆SG (∆SG )
∆HG/TG; r2 ) 0.88). Ther2 value between∆g(TS) and∆hG

is 0.82, and between∆g(TS) and ∆sG it is 0.77 (Table 2).
For each protein,∆hG, ∆sG, and∆g(TS) values are obtained
by normalizing∆HG, ∆SG, and∆G(TS), respectively, byNres.
These observations indicate that a greater maximal protein
stability is obtained by the greater enthalpic and entropic
changes at the melting temperature. Consistently, a good
correlation is observed between∆G(TS) andTG (r2 ) 0.73).
Normalizing∆G(TS) by Nres yields a very good correlation
between∆g(TS) andTG (r2 ) 0.83).TG also correlates well
with both ∆hG (r2 ) 0.81) and∆sG (r2 ) 0.72). Figure 3
presents the linear regression plots for five thermodynamic
parameter pairs for T/M families, namely,∆hG versusTG,
∆sG versusTG, ∆g(TS) versus∆hG, ∆g(TS) versus∆sG, and
∆g(TS) versusTG. Thet values for these parameter pairs are
highly significant at the 99% level of confidence, indicating
that these parameters are likely to be correlated in proteins.
These observations illustrate that the higher melting tem-
peratures of thermophilic proteins are the outcome of specific
additional interactions, such as electrostatics, in addition to
the nonpolar buried surface area. The contribution of the

hydrophobic effect (∆G(TS) versus∆ASA is r2 ∼ 0.6; Table
2) is to a lesser extent. Several of the other correlations listed
in Table 2 are simply the outcome of the functional
relationships among various thermodynamic parameters. For
example, good correlations of∆HG with ∆Cp, ∆ASA, and
Nresare not surprising. The observed good correlations among
TG, ∆HG, ∆SG, and∆G(TS) are also expected.

LiVing Temperature, Protein Stability, and Function.
Tables 2 and 3 list a number of interesting observations
regarding protein stability and function. First,∆G(TL), the
stability of the protein at the living temperature of the source
organism is uncorrelated with the living temperature,TL (r2

∼ 0.1).t statistics also show that these parameters are likely
to be uncorrelated in proteins (Table 2). Second, within each
protein family,∆G(TL) is relatively constant. For example,
the stabilities of archaeal hyperthermophilic histone rHPyA1
and its mesophilic homologue rHFoB at the respective living
temperatures of their source organisms differ by only 1.2
kcal/mol. In contrast, the maximal protein stabilities of these
two histones differ by 10 kcal/mol (Table 1b). These
observations indicate that the stability of individual proteins
in the source organism may relate to their function or to
molecular events which relate to their function. Proteins are
known to be flexible and often undergo conformational
changes to perform their function (49). Too high of a stability
may hinder protein function. Consistently, the maximal
stabilities of proteins in our database are at temperatures
lower than the organism living temperatures (Table 1b). On
average,∆G(TL) is approximately 3 kcal/mol lower than
∆G(TS) (Table 3). Consideration of the protein function may
also explain the left/right shift of the stability curves of cold-
shock proteins. Similarly, archaeal histones, structural pro-
teins responsible for DNA packaging, have the highest
∆G(TS) and∆G(TL) values in our database.

Interestingly, there is a good correlation between∆G(TS)
and ∆G(TL) (r2 ) 0.71) in T/M families. Thus, higher
maximal stabilities may imply marginally higher stabilities
at the living temperatures. Five of the eight thermophilic
proteins in our database, rHMfA, rHMfB, rHPyA1, Sso7d,
and E2cd, have higher stabilities at their living temperatures
as compared to their mesophilic homologues (Table 1b). The
remaining three thermophilic proteins, Sac7d, CspTm, and
TtRnaseH, are less stable at their source-organism living
temperatures than their mesophilic homologues. It is interest-
ing to compare the mean values of∆G(TS) and∆G(TL) of
the thermophiles with those of the mesophiles. In the
thermophiles,∆G(TS)ave ) 11.4( 4.7 kcal/mol and∆G(T-
L)ave ) 5.5 ( 3.4 kcal/mol. In the mesophiles,∆G(TS)ave )
4.4 ( 1.7 kcal/mol and∆G(TL)ave ) 3.7 ( 1.7 kcal/mol.
Thus, while there is a 7 kcal/mol difference in the maximal

Table 3: Comparison between Average Values for Protein Stabilites at the Living Temperatures of Source Organisms, at Room Temperature,
and at Maximal Protein Stabilitiesa

protein family averageTL (°C) ∆G(TL) (kcal/mol) ∆G(298 K) (kcal/mol) ∆G(298 K) (kcal/mol)

archaeal histones 76 8.0( 1.1 13.6( 4.4 13.0( 4.0
SH3 domain-containing proteins 47 3.0( 0.7 4.6( 1.6 4.4( 1.6
cold-shock proteins 51 1.3( 0.9 3.5( 1.3 3.3( 1.3
Rnase H 53 6.2 10.0 9.9
cellulases 46 6.0 8.8 8.7
thermophilic proteins 78 5.5( 3.4 11.4( 4.7 11.0( 4.4
mesophilic proteinsb 37 3.7( 1.7 4.4( 1.7 4.2( 1.7
a The averageTL is calculated by taking the average of the living temperatures of the organisms containing the proteins. There is no correlation

between∆G(TL) andTL. b The mesophilic proteins in the T/M families.
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protein stabilities, there is only a 1.8 kcal/mol difference in
the stabilities at the corresponding living temperatures
between the thermophiles and the mesophiles. Similarly, at
room temperature, the thermophilic proteins in our database
have ∆G(298 K)ave ) 11.0 ( 4.4 kcal/mol, while their
mesophilic homologues have∆G(298 K)ave) 4.2( 1.7 kcal/
mol (Table 3). These results appear reasonable. Thermophilic
proteins have evolved to perform optimally at the relevant
living temperatures of the thermophilic organisms.

∆HG, ∆Cp, and Protein Stability. ∆Cp determines the
curvature and∆HG the slope of the protein stability curve
atTG. A lower ∆Cp value will broaden and an increased∆HG

will raise the protein stability curve. Both the lowering of
∆Cp and the increasing of∆HG result in a higher∆G(TS)
(eq 7 in the Appendix section). For the thermophilic proteins
in our database, a higherTG is achieved by a higher∆G(TS).

Five out of the eight thermophilic proteins, rHMfA, rHMfB,
rHPyA1, Sso7d, and TtRnaseH, have higher∆HG and lower
∆Cp values than their mesophilic homologues (Table 1a).
Three proteins do not follow this trend: Sac7d, CspTm, and
E2cd. The ∆Cp value for Sac7d is comparable to those of
mesophilic SH3 domains. However, the difference between
the TG values of Sac7d and other SH3 domain-containing
proteins is not so large, and∆G(TS) for Sac7d is comparable
to those of other SH3 domain proteins (Table 1b and Figure
1e). For E2cd, ∆Cp has not been determined experimentally
(37). For CspTm, the value of∆Cp ) 1.1 ( 0.1 kcal/(mol
K) was obtained from the slope of∆Hcal versus the transition
temperature (Ttrs) in the 5.0-8.5 pH range (32). Here, we
have used this value of∆Cp for CspTm because the values
determined this way are considered to be more reliable.
However, we note that∆Cp ) 0.36 kcal/(mol K) in the

FIGURE 3: Regression analysis using line fitting by least squares for (a)∆hG versusTG, (b) ∆sG versusTG, (c) ∆g(TS) versus∆hG, (d)
∆g(TS) versus∆sG, and (e)∆g(TS) versusTG. In each plot, the square of the linear correlation coefficient (r2) is presented in the top left
corner. For each protein,∆hG, ∆sG, and∆g(TS) values were obtained by dividing the∆HG, ∆SG, and∆G(TS) values of the protein by the
number of residues in the protein (Nres), respectively. For each protein,∆SG ) ∆HG/TG.
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particular DSC scan at a pH of 7.0 (Table 1 in ref32).
Nevertheless, because our database is quite small, we cannot
rule out other ways of achieving a higher∆G(TS) in
thermophilic proteins. Furthermore, we cannot rule out other
routes to achieve a higherTG than by increasing∆G(TS).
However, it appears likely that this route is preferred.

To understand the relative contributions of increasing∆HG

and lowering∆Cp toward an increase in∆G(TS), we have
simulated hypothetical protein stability curves for one T/M
family, the cysteine-free variants of Rnase H fromE. coli
(EcRnaseH) and fromT. thermophilus(TtRnaseH) (Figure

4). These hypothetical protein stability curves were obtained
by interchanging the∆Cp and∆HG values between TtRnaseH
and EcRnaseH. Table 4 lists the thermodynamic parameters
obtained from these hypothetical stability curves. In Figure
4, the protein stability curves derived from experimental data
are shown in solid lines. The protein stability curve for
TtRnaseH is shown in red and that for EcRnaseH in blue.
Interchanging only the∆HG values between EcRnaseH and
TtRnaseH increases the stability of EcRnaseH and decreases
that of TtRnaseH (dotted curves). Similarly, interchanging
only the∆Cp values between EcRnaseH and TtRnaseH also

FIGURE 4: Effect of interchanging thermodynamic parameters on the stability curves of thermophilic (TtRnaseH, red color) and mesophilic
(EcRnaseH, blue color) ribonuclease H. TheX axis represents temperature and theY axis the change in∆G(T) in kcal/mol. In each case,
the solid curve represents the original data, the dotted curve represents the effect of interchanging∆HG, the×-marked curve represents the
effect of interchanging∆Cp, and the dashed curve represents the effect of interchanging both∆HG and∆Cp.

Table 4: Effect of Interchanging Thermodynamic Parameters on Thermophilic and Mesophilic Ribonuclease Ha

protein
swapped
parameter

∆HG

(kcal/mol)
∆Cp

(kcal/(mol K))
TG

(°C)
TS

(°C)
∆G(TS)

(kcal/mol)
TL

(°C)
∆G(TL)

(kcal/mol)
∆G(298 K)
(kcal/mol)

EcRnaseH none 120.0 2.7 66.0 24.3 7.5 37.0 6.8 7.5
EcRnaseH ∆HG 131.0 2.7 66.0 20.8 8.9 37.0 7.8 8.9
EcRnaseH ∆Cp 120.0 1.8 66.0 5.5 11.1 37.0 8.0 9.9
EcRnaseH ∆HG, ∆Cp 131.0 1.8 66.0 0.5 13.1 37.0 8.9 11.2
TtRnaseH none 131.0 1.8 86.0 20.1 12.4 68.5 5.6 12.4
TtRnaseH ∆HG 120.0 1.8 86.0 25.2 10.5 68.5 5.1 10.5
TtRnaseH ∆Cp 131.0 2.7 86.0 40.6 8.5 68.5 5.2 7.4
TtRnaseH ∆HG, ∆Cp 120.0 2.7 86.0 44.2 7.1 68.5 4.7 5.5
a EcRnaseH stands forE. coli RnaseH, and TtRnaseH stands forT. thermophilusRnase H. The thermodynamic data are for the cysteine-free

variants of EcRnaseH and TtRnaseH (35, 36).
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increases the stability of EcRnaseH and decreases the stability
of TtRnaseH (curves traced by “+” marks). The effect in
this case is larger (Table 4). However, simultaneously
interchanging∆HG and ∆Cp between EcRnaseH and TtR-
naseH has the greatest effect (dashed curves). Because of
this simultaneous interchange, the stability of EcRnaseH at
room temperature increases to become comparable to that
of TtRnaseH (Table 4). For EcRnaseH,∆G(TL) at 37°C is
6.8 kcal/mol. Exchanging∆HG elevates∆G(TL) from 6.8 to
7.8 kcal/mol. Exchanging∆Cp elevates∆G(TL) from 6.8 to
8.0 kcal/mol. Exchanging both yields 8.9 kcal/mol (Table
4). However, this increase in protein stability may impair
function, unless the organism adapts to a higher temperature.

DISCUSSION

The heat capacity change,∆Cp, between the native and
the denatured states of a protein remains constant in the range
20-80 °C. At those temperatures outside this range, a
decrease in∆Cp is temperature dependent (2). Hence, the
assumption of a constant∆Cp, used in plotting protein
stability curves (Figures 1 and 2), is an approximation. The
effect of this approximation may be larger for thermophiles
than for mesophiles. However, within this approximation,
our results clearly show that the higher temperature resistance
of the thermophilic proteins is due to their greater thermo-
dynamic stability.

At different temperatures, different factors contribute
dominantly to protein stability. To understand the effect of
temperature on the native state of the proteins, it is
convenient to use a two-state model of the water structure
for the surrounding water molecules. Using the water
structure with “regular” hexagonal enthalpically favored ice
prevailing at low temperatures and increasingly fluctuating
the high-density entropically favored liquid water structural
forms at higher temperatures, we are able to interpret and
predict these results microscopically. The hydrophobic effect
does not exist in the cold, consistent with the predicted lack
of correlation between∆Cp and T ′G. However,∆HG and
∆SG are predicted to correlate withTG. These predictions
have been corroborated by the observed correlations in our
database.

Ideally, the correlation analysis should be applied to the
data on protein stability determined under identical condi-
tions. However, in practice, different laboratories use dif-
ferent experimental procedures and reagents in protein
thermal studies. Here, our aim is to collect the thermody-
namic data on different proteins determined in as similar
conditions as possible. The thermodynamic data on most
proteins used in this study are around a neutral pH. However,
for RnaseH and archaeal histones, the data used here are at
pH values of 5.5 and 5.0, respectively (detailed in the
Materials and Methods section). We retain these proteins
because their removal would have substantially depleted the
already sparse thermodynamic data currently available on
homologous thermophilic and mesophilic proteins. The effect
of the variation in experimental conditions on the observed
values of the square of the linear correlation coefficient (r2)
for various parameter pairs is unknown. However, we do
not expect this effect to be large. We user2 instead ofr to
identify correlations between various thermodynamic pa-
rameter pairs. This further minimizes the chances of obtain-

ing spurious results. Thet test provides further indications
if the correlations between the different thermodynamic
parameters observed here are likely to be observed in proteins
in general.

There are several possible reasons behind the observed
lack of correlation between∆Cp andTG. First, the correlation
may be seen in a larger database of proteins but is not
observed in our study because of sparse data. Consequently,
we have performed at test, resulting in theacceptanceof
the null hypothesis (see the Materials and Methods section
and Table 2). The two parameters appear uncorrelated in
proteins. Recently, we have compiled a database of two-
state folding proteins which show reversible two-state folding
h unfolding transitions at or near a physiological pH. A
preliminary examination of this larger database also does
not indicate a correlation between∆Cp andTG. Second, the
correlation is not seen because of the inaccuracies in the
experimental determination of∆Cp. Because∆Cp is directly
related to∆ASA (9-11), we have estimated∆ASA from
the empirical relationship between∆ASA and Nres, the
number of residues, given in ref9. We find that∆ASA also
does not correlate withTG. Similarly, there is no correlation
between the melting temperature (TG) and protein size (Nres).
Hence, it appears that the lack of correlation between∆Cp

andTG is biologically meaningful.
Can we interpret the observed correlations (or lack of

correlations) among various thermodynamic parameters in
terms of sequence and structural differences among homolo-
gous thermophilic and mesophilic proteins? Recently, we
have analyzed the contribution of various factors (hydro-
phobicity, compactness, proline content, disulfide bridges,
residue composition, secondary structure content, surface
areas, insertions and deletions, oligomerization, and elec-
trostatic interactions such as salt bridges and hydrogen bonds)
in 18 nonredundant families containing homologous ther-
mophilic and mesophilic proteins (23). The parameters that
determine the overall protein fold have similar values for
thermophilic and mesophilic proteins. Hence, the thermo-
philic and mesophilic proteins have percentages similar to
those of a nonpolar surface buried in the core (hydrophobici-
ties) and compactness (atomic packing), indicating a similar
extent of hydrophobic contribution toward the stability of
these proteins. The distribution of buried and exposed polar
and nonpolar surface areas is quite uniform in proteins and
does not change among thermophiles and mesophiles (23).
The occurrence of main chain-main chain hydrogen bonds
that define protein secondary structure is also similar between
thermophiles and mesophiles. Even though these parameters
are important contributors toward the overall protein folding
and stability, their contribution toward protein stability
differentialsbetween homologous thermophiles and meso-
philes appears to be small. These observations are consistent
with the noncorrelation ofTG with ∆Cp, ∆ASA, or Nres.

Despite the high sequence identity among thermophiles
and mesophiles, their amino acid distributions are signifi-
cantly different. The thermophilic proteins appear to favor
amino acid residues with larger side chains and to avoid
thermolabile residues. An increase in electrostatic interac-
tions, salt bridges, and side chain-side chain hydrogen bonds
in thermophiles as compared to their homologous mesophiles
is the most consistent trend across the 18 nonredundant
families of homologous thermophilic and mesophilic proteins
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(23). These observations are consistent with the correlations
among∆HG, ∆SG, ∆G(TS), andTG reported here.

Analyses based on protein sequences from complete
genomes of thermophilic and hyperthermophilic organisms
and comparisons of the sequence and structural properties
of homologous thermophilic and mesophilic proteins have
consistently indicated a significant increase in the proportion
of charged residues for the thermophiles (50, 51). The
improvement in electrostatics for thermophiles may be
reflected as an alleviation of electrostatic repulsions, an
increased occurrence of ion pairs and their networks, and a
geometrical optimization of charged residue positions to yield
a favorable energetic contribution toward protein stability.
Different protein families may optimize these factors dif-
ferently. In the following paragraphs, we present evidence
supporting the role of electrostatic interactions in enhancing
the stability of thermophilic proteins in the T/M families in
our database.

We have performed a comprehensive sequence and
structure comparison of Ribonuclease H fromT. thermo-
philus (TtRnaseH) and fromE. coli (EcRnaseH). TtRnaseH
and EcRnaseH have similar atomic packing and extents of
nonspecific interactions. However, TtRnaseH has a greater
proportion of charged residues and more close-range elec-
trostatic interactions, such as ion pairs and salt bridges and
their networks. The sequence alignment of EcRnaseH and
TtRnaseH indicates eight positions where the apolar residues
in EcRnaseH have been replaced by charged residues in
TtRnaseH. We have computed the electrostatic free-energy
contributions (∆∆Gelec) for six of these charged residues to
the stability of TtRnaseH, using a method described previ-
ously (52). The remaining two substitutions are at the N and
C termini of TtRnaseH, and the atomic coordinates for the
adjoining terminal residues are missing in the crystal structure
of TtRnaseH. Five of the six apolar-to-charged substitutions
have a stabilizing electrostatic free-energy contribution (data
not shown).

Using site-directed mutagenesis, Li et al. (53) have
attempted to interpret the differences in the thermodynamic
stabilities of the hyperthermophilic histone rHMfB and its
mesophilic homologue rHFoB in terms of their sequence and
structural differences. Their results indicate that improved
hydrophobic interactions in the histone-dimer core, allevia-
tion of electrostatic repulsion, and formation of additional
ion pairs at the dimer interface are responsible for the higher
thermostability of rHMfB.

Frankenberg et al. (54) have built a model ofT. maritima
cold-shock protein (CspTm) by homology modeling. The
model indicates an increased number of surface salt bridges
in CspTm. Mueller et al. (55) have solved the X-ray structure
of a cold-shock protein from the thermophileBacillus
caldolyticus(CspBc) and compared it with that of CspBs,
B. subtilis cold-shock protein. The distribution of surface
charges was found to be different and overall favorable in
CspBc. The amino acid sequences of CspBc and CspBs differ
at 12 positions. Perl et al. (56) have produced 12 variants of
CspBc, each containing an amino acid substitution in CspBc
of the residue in the corresponding position in CspBs. They
have reported that only two surface-exposed residues, Arg3
and Leu66, are responsible for the increase in the stability
of the thermophilic protein.

de Bakker et al. (57) have performed molecular dynamic
simulations of Sac7d from the hyperthermophileSulfolobus
acidocaldariusat 300, 360, and 550 K. They concluded that
salt bridges contribute favorably toward protein stability at
elevated temperatures.

Recently, we have studied the energetic contribution of
electrostatic interactions toward protein stability (24, 58). Salt
bridges and ion pairs may be stabilizing or destabilizing to
the protein structure depending upon a number of factors
(58). Hydration free energies of amino acids decrease at high
temperatures because of a decrease in the dielectric constant
of solvent water (59). This indicates a reduced energy penalty
for desolvation of charged residues in folded proteins at high
temperatures. The optimization of electrostatic interactions
in hyperthermophilic proteins results in their greater elec-
trostatic contribution (25). Close-range electrostatic interac-
tions, such as ion pairs and salt bridges and their networks,
contribute favorably to the stability ofPyrococcus furiosus
glutamate dehydrogenase (24). The alleviation of electrostatic
repulsion and optimization of long-range electrostatic inter-
actions by mutating charged residues on the protein surface
has been shown to improve protein stability (52, 60, 61).
Increased and improved electrostatic interactions should not
be taken to imply greater rigidity for thermophilic proteins.
Proteins are flexible at the optimum temperatures of their
source organisms (62).

CONCLUSIONS

Proteins show good correlations among the melting
temperature, maximal protein stability, and enthalpy and
entropy changes at the melting temperature. These correla-
tions indicate that higher melting temperatures in thermo-
philic proteins are due to an upshift and broadening of their
stability curves. Specific (e.g., electrostatic) interactions
found in thermophiles but absent in mesophiles are important
contributors to the higher stability of the thermophiles.
Homologous thermophilic and mesophilic proteins have
similar stabilities at their source-organism living tempera-
tures. To be functional, the protein should not be too stable;
hence, their working stabilities (at the source-organism living
temperatures) are lower than their maximal stabilities.
Because the stability curves are roughly symmetric (skewed
parabolas), for most proteins, a higher melting temperature
also indicates a lower cold-denaturation temperature. This
implies that, to obtain lower cold-denaturation temperatures,
the key is, again, specific interactions. These observations
have direct implications to protein design, indicating that,
to achieve higher stability, specific and largely electrostatic
interactions need to be engineered into the proteins.
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APPENDIX

For a protein or a protein domain which (i) folds in a
reversible two-state (Nh D) manner, (ii) is stable over a
temperature range, and (iii) has a constant (greater than zero)
heat capacity change in this range, the Gibbs-Helmholtz
equation can be used to plot its stability curve (1, 2).
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where∆G(T) is the Gibbs free-energy change between the
denatured (D) and the native (N) states of the protein at a
given temperatureT. Three thermodynamic parameters are
needed to plot a protein stability curve: the melting
temperature (TG), the change in enthalpy atTG (∆HG), and
the change in heat capacity (∆Cp). These parameters can be
determined by experimental means. The following quantities
are computed from the protein stability curves (1). The slope
of the protein stability curve is given by

Hence, atT ) TG,

where ∆SG is the entropy change between native and
denatured states of the protein at the melting temperature.
The curvature of the protein stability curve at temperatureT
is given by

Hence, atT ) TG,

The temperature of maximal protein stability,TS, is also the
temperature at which the entropy change between the native
and denatured states of the protein,∆S, is zero. It is given
by

The maximal protein stability change,∆G(TS) (i.e., the free-
energy change atTS) is given by

These parameters and equations provide the macroscopic
thermodynamic description of proteins.
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